A rare surface freezing phenomenon is observed in molten normal alkanes, using x-ray and surface tension measurements. An ordered monolayer forms on the surface of the liquid alkane at temperatures up to 3°C above the bulk freezing temperature T f . The structure of the monolayer was studied in detail for a wide range of molecular lengths and temperatures. The single layer formed persists down to T f . The rare surface phase exists only for carbon numbers of 16рnр50. The molecules in the layer are hexagonally packed and show three distinct ordered phases: two rotator phases, with molecules oriented vertically (16рnр30) and tilted towards nearest neighbors (30ϽnϽ44) and one crystalline phase with molecules tilted towards next-nearest neighbors (nу44). The temperature dependence of the surface tension and the range of existence vs carbon number are satisfactorily accounted for within a simple theory based on surface energy considerations.
I. INTRODUCTION
Normal alkanes are linear hydrocarbon chains, some of the simplest organic molecules. They are also the main building blocks of lipids, surfactants, liquid crystals, polymers, and many other, more complex organic compounds. The basic properties of these complex molecules will be influenced, and in many case even dominated, by those of the alkanes. In addition to their fundamental scientific interest, alkanes are also of great interest to applied science and industry, as basic constituents of crude petroleum and of many pharmaceutical and petroderivative products. It is not surprising, therefore, that the bulk properties of alkanes were, and are still being investigated vigorously and extensively ͓1-5͔. What is surprising, is the fact that their surface structure and properties have received very little attention, in spite of the decisive role of the interface in important applications such as catalysis, chemical reactions, product bonding, drug release and delivery, and many more.
We have recently undertaken an extensive study of the surface structure of chain molecule melts ͓6-8͔ and their mixtures ͓9͔ near their bulk freezing temperatures. The dependence of the structure on the temperature, chain length, and end groups was studied in detail. We present here the first part of this study, which deals with the surface structure of pure, single-component melts of normal alkanes. The most surprising discovery is that these molecules show surface freezing, whereby a single crystalline monolayer is formed at the surface of the isotropic liquid bulk at temperatures up to ϳ3°C above the bulk freezing temperature T f , for a range of carbon numbers n. Light scattering ͓10͔ and ellipsometric ͓11͔ studies confirm our findings of surface freezing in alkanes. This very rare surface ordering phenomenon was hitherto observed only in liquid crystals ͓12-14͔, and even there the surface layers have almost always only smectic A ͑liquidlike in-plane͒ order, rather than a full crystalline one, as is the case here. In this section we discuss this effect in general, after discussing the basic structure of the molecule and some related solid bulk properties. We also address the similarities and assimilarities between the surface crystalline layer and water-supported Langmuir films. Sections II-IV deal with the experimental details, the presentation and discussion of our results, and the conclusions emerging from this study.
A. Basic structure
Normal alkanes have the general formula CH 3 u(CH 2 ) nϪ2 uCH 3 ͑abbreviated as C n ). As shown in Fig. 1 , the carbon-carbon ͑C-C͒ bond length is 1.54 Å and the angle between two C-C bonds is ͓1͔ 112°. Any three neighboring carbons ͑two neighboring bonds͒ define, therefore, a plane, relative to which a fourth carbon can assume one of three orientational positions, shown in Fig. 1͑b͒ . The global energy minimum position is for the fourth carbon to remain in the plane defined by the other three carbons ͑a trans bond͒. Two local energy minima are obtained for the fourth carbon rotated 120°off that plane ͑gauche bonds͒. The energy difference between the trans and gauche bonds depends on the intra-and interchain interactions. In the bulk crystalline phases at low temperatures, the energy difference between the trans and gauche bond is significantly more than k b T, therefore almost all bonds remain in the lowest, trans, conformation and all carbons of a single n-alkane molecule reside on the same plane. The molecule is then straight, with a length of (nϪ1)1.27 Å between the terminal carbon atoms, where 1.27 Å ϭ1.54 Å sin(112°/2) is the projection of the bond length on the chain axis. In the liquid phase, at high temperatures, the energy difference between trans and gauche bonds becomes smaller than k b T. The chain then becomes flexible and bonds may be excited into gauche conformations, rendering the molecule nonlinear and aplanar.
In addition to the usual liquid and crystalline phase, the bulk alkanes exhibit a sequence of intermediate plastic crystalline phases known as rotator phases ͓1-5,15-17͔. The rotator phases are crystals with three-dimensional ͑3D͒ longrange positional order of their centers of mass, but no longrange order in the rotational degree of freedom of a molecule about its long axis. Short-range order in these correlations does exist, and increases as temperature is reduced. Five rotator phases have been identified in the bulk alkanes distinguished by the lattice distortion (␦), tilt magnitude (), and direction () ͓17͔. The distortion is defined as the difference from unity of the ratio of the minor to major axis of an ellipse drawn through the six ''nearest'' neighbors when viewed along the axis of the chains. The rotator phases of interest in this study are those which occur at the highest temperature, immediately below T f . The rotator phase with the highest symmetry is the R II phase in which the molecules are pointing along the layer normal and are, on average, packed hexagonally. Thus, ␦ϭ0 in this phase, which is the highest temperature bulk rotator phase for carbon numbers 22рnр25. At lower temperatures ͑reached via a first order transition͒ the R I phase occurs. The in-plane R I structure is distorted hexagonal ͑orthorhombic͒. For nϽ22, the alkanes melt directly from the R I phase, without going through the R II phase. However, the R II phase is easily induced in binary mixtures of shorter chain lengths ͓2͔. For nу26, the highest temperature rotator phase is the R IV phase where the molecules are tilted toward next-nearest neighbors by an angle . The distortion ␦ in this phase is finite, but small, and is considered a secondary effect, induced by coupling between and ␦. The tilt magnitude in the R IV phase increases with increasing chain length above nϭ26. The rotator phases can be distinguished from the crystal phases by the area per molecule ͑as viewed along the chain axis͒, which is ϳ19.5 Å 2 in the rotator phases and ϳ18.5 Å 2 in the crystal phases.
As we shall see below, alkane surface monolayers for nр30 adopt a structure similar to that of the R II bulk phase, while for nϾ30 they resemble the tilted bulk phases. The surface-frozen and liquid surface structures are shown in Fig.  2 .
B. Surface freezing
It has long been realized that dimensionality has a profound influence on the phase behavior of matter, and, hence, the phase sequences of thin films and surfaces were expected ͓18͔, and found experimentally ͓19͔, to differ from those of the 3D bulk. Both theory and experiment show that with very few exceptions it is the less ordered surface phase which coexists with the more ordered bulk phase, i.e., the surface melts at a lower temperature than the bulk. This phenomenon, called surface melting, has been discovered in almost all solids studied ͓19͔. This is easy to rationalize since the surface molecules are generally less constrained than those in the bulk and possess, therefore, a higher entropy. A much less common, and less understood phenomenon is surface freezing, where an ordered surface layer coexists with a disordered bulk liquid. This effect has been observed so far only in liquid crystals ͓12,14,20͔, where, however, smectic surface layers are observed to grow on the vapor-nematic or the vapor-isotropic liquid interfaces, and hexatic ͓21,22͔ and crystalline-B ͓23͔ phases were observed at the surfaces of free-standing smectic films. However, no true crystalline surface phase was ever observed over a disordered ͑nematic or isotropic͒ bulk. It has been speculated that these rare phenomena are related to the chainlike geometry of the molecules, or to their hydrocarbon tails. Thus, investigation of the surface phase behavior of the simplest linear hydrocarbons, namely, normal alkanes, may shed some light on similar phenomena in the much more complicated liquid crystal molecules. However, allowance must be made for the significant geometric and chemical differences between alkanes and liquid crystals. Alkanes are simple, uniform molecules, interacting almost exclusively via van der Waals interactions. They are flexible at higher temperatures and rigid at lower temperatures. By contrast, liquid crystal molecules are composed of a permanently rigid core to which hydrocarbon tails are attached and have rather complex interactions, reflected in their rich phase diagram even above their crystalline phases.
FIG. 2.
͑a͒ The x-rays reflected specularly from the vapor-liquid interface of n-alkanes at high enough temperatures, at which the molecules are flexible. ͑b͒ The surface crystalline layer of n-alkanes below surface freezing temperatures, but still above the bulk freezing point. FIG. 1. ͑a͒ The structure of the n-alkane molecule. ͑b͒ The bond conformations and structural parameters, showing the positions for trans (t) and gauche (g) conformations. The corresponding energy has two local minima for the g positions and a global one for the t. 
C. Langmuir films
Langmuir films are single monolayers of amphiphilic molecules ͑usually alkane chains with one CH 3 headgroup replaced by a polar moiety͒ spread on the free surface of water or any other nonsolvent subphase. The molecules have their hydrophilic headgroups in the water and their hydrophobic tails pointing away from it ͓24-26͔. Structural studies revealed a rich quasi-2D phase diagram in these films, depending on the molecular shape, area per molecule, temperature, etc. ͓27,28͔. It would, therefore, seem natural to consider an analogy between Langmuir films and our system. Such an analogy must be drawn, however, with caution. Although rarely discussed, the subphase of Langmuir films has an all-important role in the determination of the behavior of the system: it confines the molecules to a 2D ''universe,'' which they probably would not assume under their own intermolecular interactions. In fact, in the majority of cases this confinement is the strongest interaction in the system. This dominant influence is considerably reduced in our case, since the surface molecules may exchange freely with those of the bulk. Thus, for example, it is clear that the surface pressure cannot be varied in our case, as it is in Langmuir films: upon reducing the surface area our surface layer would relieve the pressure by ejecting molecules into the bulk, keeping the area per molecule fixed at the value favored by the molecular interactions of the uncompressed layer. The interplay between the surface and bulk free energies, and the subtle difference in the free energy of a molecule in the bulk and at the surface, control the formation and phase behavior of the crystalline monolayer in our system, rather than the 2D confinement imposed by the surface of the water. Thus, even though some of the structures may be similar in the two systems, the underlying interactions and thermodynamics may be considerably different.
II. EXPERIMENT
We have studied the structure at the vapor-liquid interface of normal alkanes by x-ray reflectivity and grazing incidence diffraction and the thermodynamics by surface tension measurements. We now discuss the various experimental issues in detail.
A. The sample cells
Both the x-ray and surface tension experiments were done with samples in temperature controlled cells. The cell for the x-ray experiments consists of a two stage oven, with a passive outer stage and a temperature controlled inner stage. The outer can is made of aluminum with aluminum coated Mylar windows. The inner cell consists of a solid beryllium cylinder ͑of 3 in. i.d.͒ with a uniform wall thickness of 0.5 mm, resulting in an x-ray attenuation factor of ϳ30%. This allberyllium construction provides a wide range of x-ray access. The beryllium cylinder can be Viton O-ring sealed with top and bottom copper plates, however, no differences could be observed between data taken with a loosely sealed and an air tight cell. The two copper plates are identical so that good thermal homogeneity can be achieved. Heaters are attached to the outer surfaces of these two plates and thermistors are imbedded in them. For those samples which require subroom temperature measurements, thermoelectric cooling elements are attached to the outer surfaces of the bottom copper plate. The short term (ϳ1 h͒ temperature stability is р0.005°C and the long term (ϳ1 day͒ ϳ0.05°C. The measured temperature homogeneity across the x-ray illuminated area on the sample is ϳ0.005°C. An 0.5 mm thick silicon wafer placed directly on the bottom copper plate was used as the sample substrate. A liquid sample a fraction of a mm high was deposited on the wafer and contained there by its own meniscus.
The cell used for the surface tension measurements is an aluminum cell surrounded by thermal insulation. The cell is heated from both top and bottom, and can also be cooled by thermoelectric elements attached to the bottom. This cell cannot be fully sealed, since the wire supporting the Wilhelmy plate has to pass through the top to connect to the balance. However, since the vapor pressures of alkanes near their freezing points are small, the small hole at the top plate does not influence the experimental results, as verified by the excellent agreement with the x-ray measurements.
B. The samples

Sample preparation
Samples are purchased from Sigma, Aldrich, and Fluka. They are labeled as у98% pure, and are used as received. About one gram of liquid alkane is spread over a 3 in. diam silicon wafer. The sample thickness is about ϳ0.2 mm, which is thick enough to form a large flat surface area and absorb the x-rays which may penetrate it and be reflected from the liquid-silicon interface. Yet, it is thin enough to damp out any mechanical vibrations on the vapor-liquid interface and be contained on the silicon wafer by its own meniscus.
The role of the sample purity
The у98% purity of the sample, though high, would still allow more than enough impurities to cover the surface if they are more surface active than the alkane studied. However, the surface crystalline structures deduced from the x-ray experiments show unambiguously that the molecules in the crystalline surface phase have to be at least very similar in size and shape, if not identical, to the n-alkane of the bulk. The possible surface impurities are limited, therefore, to nalkanes or n-alkane derivatives of similar carbon numbers. In our systematic surface studies of binary n-alkane mixtures ͓9͔ we found that the composition in the surface crystalline layer is very similar to that in the bulk for mixtures where there is only a small difference in the lengths of the two components. This would yield in our case a Ͻ2% impurity content in the surface layer for different-length n-alkane impurities. A few other common types of impurities, of shape similar to that of alkanes, may also be excluded. For example, fatty acids show no formation of a surface layer at all ͓29͔, while alcohols show the formation of a bilayer on the surface, which, if formed, would be easily distinguishable from the monolayer observed. The study of these most common impurities, as well as the systematic variation of the measured structural and thermodynamic quantities with the molecular length and their correspondence with the bulk rotator phase structure and properties, provide irrefutable evi-dence that the surface crystalline layer indeed consists of the n alkane studied and its formation is an intrinsic property of the pure material.
Regardless of this conclusion, it seems that impurities may play a role in the kinetics of the surface crystallization, as do impurities in bulk crystallization ͓30͔. In particular, we observe some discrepancy between the x-ray and surface tension measurements: while surface freezing was detected in surface tension measurements in all n-alkane samples of 16рnр50, it did not show up in x-ray measurements in certain production lots of a few samples. The same effect was also observed and studied by Thomas ͓31͔ for a well purified C 17 sample, where minute amounts of impurities had to be added to induce surface freezing, while the actual nature of the impurity seemed to be unimportant. This, and our experience, indicate that impurities may be essential in nucleating the surface crystals. The Wilhelmy plate in the surface tension measurements may provide ample nucleation sites for the surface crystal, while in x-ray studies these nucleation sites are not available and thus very slow layer formation kinetics may result. Further systematic studies are required to elucidate the role of impurities in the kinetics of the layer formation.
C. Spectrometer
The x-ray measurements were carried out on the Harvard-BNL Liquid Surface Diffractometer at National Synchrotron Light Source, beamline X22B, with a wavelength Ϸ 1.54 Å. The details of this spectrometer were described elsewhere ͓34͔. Since the liquid surface is always horizontal, the x-rays emerging horizontally from the beamline have to be tilted down to impinge on the sample's surface at some angle of incidence ␣ . This is achieved by Bragg reflecting the beam from a Ge͑111͒ crystal. The angle ␣ is varied by rotating this crystal about an axis coinciding with the horizontal beam by means of a vertical Euler circle at the center of which the crystal is mounted. The sample's vertical position is adjusted to intercept the beam at each ␣. The detection arm can be adjusted to vary the detection angle ␤ with respect to the horizontal and the detection angle D transverse to the reflection plane ͑see Fig. 3͒ . In this configuration, both the surface-normal and surface-parallel components of the wavevector transfer, q z and q r , are given in terms of ␣, ␤ and D by
The specular reflection is measured by placing the detector in the reflection plane ( D ϭ0), and at a detection angle ␤ϭ␣. In this geometry, the wave-vector transfer is normal to the surface, q z ϭ(4/)sin␣ and q r ϭ0. Thus, the reflectivity R(q z ), the intensity of specular reflection normalized by the incident one as a function of q z , yields information on the electron density profile normal to the surface.
The horizontal size of the incident beam is always set to be less than 1 mm and the vertical size is changed with the incident angle from 0.05 mm at small angles ͑to ensure a beam footprint smaller than the sample size͒ to 0.4 mm at large angles ͑to achieve maximum intensity where the reflectivity is low͒. To limit the divergence of the beam after the beam-defining slits, a second pair of slits upstream of the toroidal focusing mirror were utilized at the smallest ␣. The slits in front of the detector, positioned 600 mm away from the sample, are open 2 mm vertically and 4 mm horizontally. The background is taken either by ͑1͒ offsetting ␤ and ␣ such that ␤ ␣, but keeping ␣ϩ␤ fixed, or ͑2͒ by moving the detector transverse to the reflection plane by setting D 0. In either case, the offset must be sufficiently large to ensure picking up only the background and no part of the reflected signal. The background slopes with the offset using ͑1͒ but is roughly constant using ͑2͒. In either case the background under the reflection peak is easy to determine and subtract off.
For an ideally flat and sharp surface dividing a vapor halfspace ͑of electron density e ϭ0) from a liquid half-space ( e ϭconstϾ0), the reflectivity R(q z ) is given by the Fresnel reflectivity R F (q z )
with q c ϭ(4/)sin␣ c and the critical angle ␣ c Ϸͱr e e 2 /. r e is the classical electron radius. Absorption is neglected here, as its only effect in our case is near the critical angle and is quite minor. R F (q z ) is unity for qϽq c , and decreases as (q c /2q z ) 4 for q z ӷq c . For a surface layer having an electron density different from the bulk, the x-rays reflected from its upper and lower interfaces interfere in the far field to produce modulations in the reflectivity R(q z ), akin to the well known Kiessig fringes in optics. The period of the modulation ⌬q z is related to the layer thickness D as ⌬q z ϭ2/D, and the amplitude of the modulations depends on the electron density difference between the layer and the bulk.
An arbitrary density profile can always be sliced into many thin layers, within each of which the electron density can be assumed to be constant. At each interface between two layers, x-rays are both reflected and transmitted. The amplitude of the reflected wave, normalized by the incident one, is defined as the reflection coefficient r. The normalized amplitude of the transmitted wave, i.e., transmission coefficient t, is related to the reflection coefficient r as tϭ1Ϫr. 
͑6͒
Therefore the x-ray reflection and transmission of the whole density profile is characterized by one matrix M, which is the product of all the relevant interface and propagation matrices S and P. The reflectivity R can be derived from M as: Rϭ͉M 21 /M 11 ͉ 2 . The effect of interfacial roughness is included by multiplying the reflection coefficient r at each interface by a Debye-Waller-like factor exp(Ϫq z 2 i 2 /2) . The x-ray absorption in a layer can also be included in the propagation matrix, but its effect is negligible in our case. The shape of the actual density profile can be determined by adjusting the number of layers, their thicknesses D i , densities i , and interfacial roughnesses i , until a good agreement of the resultant calculated reflectivity with the measured one is obtained. Further details can be found in Refs. ͓32,33͔. As detailed below, for the crystalline surface layer on a liquid alkane bulk, we used a density profile of two different slabs, each with a uniform density.
E. Surface roughness
Across the bulk-vapor interface of a liquid, the electron density drops monotonically and smoothly from the constant value of the bulk liquid to zero for the vapor phase. The intrinsic width of the interface, 0 , is determined by the atomic form factor and is smaller than the molecular size. However, since there always exist thermally excited capillary waves on the surface, the interface width is broadened from 0 to a much larger value. For x-ray reflectivity experiments, the effective interfacial width eff comes from both 0 and the contributions from those thermally excited capillary waves whose wavelengths are between the upper cutoff, q max Ϸ/a, where a is of order of the molecular size, and the lower cutoff, q min Ϸ q z ⌬␤/2, determined by the instrumental resolution through ⌬␤, which is the angular acceptance of the detector in the plane of reflection
͑7͒
Here k b is the Boltzman constant, T-the temperature and ␥-the surface tension. The measured reflectivity R(q z ) deviates in this case from the Fresnel reflectivity R F (q z ) of an ideally flat surface by a Debye-Waller-like factor
The above expressions for the x-ray reflectivity from liquid surfaces have been verified with a number of simple liquids ͓34͔. We have further examined these two expressions for liquid n-alkane surfaces of different chain lengths over a large temperature range above the surface freezing point ͓35͔. In principle, eff is q z dependent. However, in practice, since the exp(Ϫq z 2 eff 2 ) factor in R(q z ) becomes important only at large q z , the reflectivity of a liquid surface can be very well approximated by replacing the q z dependent eff in the Eq. ͑7͒ with a constant eff , the value of which is determined in the fit to the data. These values are invariably close to the q z dependent eff for the largest measured q z in the data set being fitted.
F. Grazing incidence diffraction and Bragg rods
X-ray grazing incidence diffraction experiments were performed to probe the in-plane structure of the free surface of the alkane melt ͓36͔. Here, the incident angle was set to be less than the critical angle ␣ c . Thus the incident x-rays experience total external reflection and only evanescent waves penetrate the surface to a depth of ϳ1/ͱq c 2 Ϫq z 2 Ϸ100 Å. In this configuration, the intensity of x-rays scattered by the surface is enhanced while that scattered by the bulk is reduced. By scanning the detector angle D out of the plane of specular reflection, the scattered intensity is measured as a function of the in-plane component q r of the wave-vector transfer ͓36,37͔ ͑Fig. 3͒. The use of Soller slits yields a sharp in-plane resolution of ⌬q r Ϸ0.015 Å Ϫ1 full width at half maximum ͑FWHM͒, while allowing the collection of rays scattered from a large sample surface area. In measuring the integrated intensity as a function of q r , the vertical detector slits have been opened up to 25 mm, allowing signal integration over a range in q z of 0.25 Å Ϫ1 . The orientation of the molecular chains can be further probed by measuring the scattered intensity distribution along q z at the in-plane diffraction peak positions, the so called Bragg rods. A vertically oriented metal wire Braun linear position sensitive detector ͑PSD͒ was employed to measure this distribution.
The q r peak positions yield information on the average molecular chain spacing projected on the surface and the peak width is related to the correlation length in the ordered crystalline phase. Loss of positional order may result through a finite crystallite size, proliferation of crystal defects or hexaticlike loss of positional correlation. The signatures of these different causes in the diffraction patterns are almost identical and it is only possible to separate these effects by very high resolution line shape measurements which are not practical with the present experimental setup.
The intensity distribution along q z is determined by the product of the molecular form factor and the structure factor.
The equal-intensity contours of the form factor for an elongated chain molecule are pancake shaped, lying normal to the chain axis; and the structure factor of a hexagonal monolayer consists of lines parallel with q z and arranged on hexagonal lattice sites ͓36-38͔. When the chains tilt, the form factor tilts also, but the structure factor is unaffected if the lattice does not distort. Thus the q z dependence of the inplane peak intensity, determined by the intersection between the ''pancake'' and the vertical lines, will vary in a characteristic way with the azimuthal direction and magnitude of the tilt ͓36-38͔.
More quantitatively, we denote by Q z ͑or Q r ) the wavevector component along ͑or normal to͒ the molecular axis, and by q z ͑or q r ) that along ͑or normal to͒ the surface normal. The form factor of a cylindrical electron distribution with diameter a and height d, a good approximation for alkane chains in the rotator phases, is then given by
, and J 1 is the first order Bessel function. For alkane chains of aϷ5 Å, g(Q r a) is monotonically decreasing in the Q r range to be discussed whereas f (Q z d) has its maximum at Q z ϭ0 and a width of 2/d. For a tilt angle away from the surface normal ͓36,38͔, the Q and q components are related by
with q x ϭ͉G hk ͉cos hk and q y ϭ͉G hk ͉sin hk ,G ជ hk being the reciprocal lattice point considered and hk is the angle from the tilt direction to q r ជ ϭG ជ hk . The form factor ͉F(Q r ,Q z )͉ 2 ϰ͉ f (Q z )͉ 2 is peaked at Q z ϭ0, or equivalently at q z ϭ͉G hk ͉tancos hk .
Multiplying the form factor by the structure factor of an hexagonally packed monolayer, the scattered intensity is given by ͓36͔
͑11͒
Here exp"Ϫ(Q z 0 ) 2 … represents the gradual decrease of the electron density of the molecule at its two ends, exp"Ϫ(q z z ) 2 … is due to the surface roughness, and
is the surface enhancement factor ͓39͔, which is about 4 at ␣Ϸ␣ c and approaches unity for ␣ӷ␣ c . ͉T(␤)͉ 2 is the corresponding term for the reflection angle ␤ and has the same form.
When the molecules are normal to the surface, Q z ϭq z and Q r ϭq r . Consequently the form factor ͉F(
has its maximum at q z ϭ0. The six lowest-order in-plane reflections of an hexagonal lattice ,0) and G ជ (0,1) are the primitive reciprocal lattice vectors͒ have identical rods and in-plane peak positions. The Bragg rod is characterized by a sharp peak at q z ϭq c on top of a broad peak with its maximum at q z ϭ0, the sharp peak being due to the enhancement of the broad peak at the critical angle, and the broad peak coming from the molecule's form factor.
When the molecules are tilted, the degeneracy among the six lowest-order Bragg rods is lifted. Often the molecules tilt towards the most symmetric directions, either towards the nearest neighbors, or towards the next-nearest neighbors. When molecules tilt towards the nearest neighbors, two peaks result: one at q z ϭ0 for G ជ (Ϯ1,0) , and another at q z ϭG (0,1) tancos30°Ͼ0 for G ជ (0,1) and G ជ (Ϫ1,1) . The peaks at negative q z cannot be observed. Conversely, the tilt angle can be calculated from peak coordinates (q r ,q z ):tanϭq z /(q r cos30°). Both peaks can be fitted quantitatively with the same parameters d, , 0 , z . Note that for the peak at q z ϭ0, q x ϭG (Ϯ1,0) cos90°ϭ0 and q y ϭG (Ϯ1,0) sin90°ϭG (Ϯ1,0) ; and for the peak at q z Ͼ0, q x ϭG (0,1) cos30°and q y ϭG (0,1) sin30°.
When molecules tilt towards the next-nearest neighbors, two peaks can be observed as well: one at q z ϭ͉G hk ͉cos60°tanϭ 1 2 ͉G hk ͉tan for G ជ (1,0) and G ជ (Ϫ1,1) , and another one at q z ϭ͉G hk ͉tan for G ជ (0,1) . This tilt direction is characterized, therefore, by the q z of one peak being twice that of the other, with no peak at q z ϭ0. The tilt angle can be calculated, again, from the peak coordinates (q r ,q z ) of the two peaks. Both peaks can be fitted quantitatively, again, with the same set of parameters d,, 0 , z . Note that for the peak at larger q z ,q x ϭG (0,1) cos0°ϭG (0,1) , and q y ϭG (Ϯ1,0) sin0°ϭ0; and for the peak at smaller q z ,q x ϭG (1,0) cos60°,q y ϭG (1,0) sin60°.
Finally, it should be noted that when the sample is powderlike, rather than a single crystal, and the molecules are tilted but to an extent which leaves the in-plane peak positions unresolved, the measured intensity along the q z direction will be a superposition of two ͑or more͒ of the individual Bragg rod patterns discussed above. Nevertheless, it is possible to identify the molecular tilt and its direction from the superimposed patterns as we show below.
G. Surface tension
We have also studied the thermodynamics of the n-alkane surfaces by measuring the surface tension with the Wilhelmy plate method ͓26͔. The liquid completely wets the Wilhelmy plate, a roughened thin platinum plate in our experiment, and pulls it downward. The force exerted on the plate is measured by an electronic balance. The surface tension is simply this force divided by the circumference of the plate's cross section which is, in practice, twice the plate width. One can check the complete wettability of the plate by observing the meniscus. Plates made of materials other than platinum perform equally well, as long as they do not contaminate the liquid and are completely wet by the liquids to achieve a zero contact angle. Results obtained using a filter paper plate were indistinguishable from those obtained using a platinum plate. However, since a platinum plate can be easily cleaned by flaming with a torch, the same plate can be used repeatedly thus eliminating experimental errors due to circumference variation from one paper plate to another.
The samples were contained in a temperature regulated cell, as described in Sec. II A above. The temperature is changed at a rate slow enough so that further rate reduction yields identical results. Typically, a data point is measured every 30 sec while the temperature is varied at a rate р0.3 m°C sec Ϫ1 . Except for the region near the bulk freezing ͑or melting͒ temperature, the results are independent of the direction in which the temperature is varied.
The surface tension ␥ is a direct measure of the surface excess free energy ͓26͔
where ⑀ s and ⑀ b are the energies and S s and S b the entropies for the surface and the bulk, respectively. The temperature slope of surface tension yields information on the surface excess entropy: d␥/dTϭϪ(S s ϪS b ), which are directly related to the ordering and disordering of the molecules on the surface. For ordinary liquid surfaces, the molecules on the surfaces are less constrained than those in the bulk, thus S s is slightly larger than S b , yielding d␥/dT Ͻ0. A negative temperature slope has been indeed observed for all the simple liquid surfaces. Any ordering on the liquid surface results in a reduction of the surface entropy S s , resulting in d␥/dTϾ0. A slope change indicates, therefore, an ordering transition at the surface. Such slope changes have been observed in liquid metals ͓40͔, sodium dodecyl sulphate solutions ͓41͔, and Langmuir films ͓24,25͔. When the surface freezing occurs via a first-order transition, the slope of the surface tension should change abruptly from a small negative value in the higher temperature liquid surface phase to a large positive value in the lower temperature crystalline surface phase. This effect was indeed observed in alkanes, as shown in Sec. III.
III. RESULTS AND DISCUSSION
A. The liquid surface phase
At temperatures higher than ϳ3°C above the bulk freezing temperatures T f , the reflectivity of liquid alkane surfaces has the smoothly decreasing shape typical of ordinary liquid surfaces, and given in Eq. ͑8͒. This indicates a capillarywave-broadened density profile which increases smoothly and monotonically from a zero density on the vapor side to the bulk liquid density on the liquid side. In Fig. 4 we show in circles the reflectivity curves measured at TϾT s for C 20 , C 30 , and C 44 . The solid lines in the figure show the excellent fits to the capillary wave form of Eq. ͑8͒. An effective roughness of eff Ϸ4.4 Å is found to account reasonably well for all alkanes at temperatures just above the formation of the monolayer. Since eff 2 ϭ 0 2 ϩ cw 2 where the last term is the capillary wave contribution in Eq. ͑7͒, the capillary wave contributions to surface roughness of two different liquids should have the ratio
where the weak logarithmic dependences on the molecular size and the experimental resolution makes the small differences between these two liquids negligible in Eq. ͑7͒. Since 0 originates in the atomic form factor which has a similar extent for carbon and oxygen, we can use the alkane measured ͓35͔ 0 ϭ1.1 Å for both alkanes and water. Employing now the measured ͓35͔ eff alkanes Ϸ4.4 Å and ͓42͔ eff water ϭ2.7 Å, we obtain cw,alkane / cw,water ϭ1.7, in good agreement with (␥ water /␥ alkane ) 1/2 ϭ1.6, obtained from the measured ͓42͔ ␥ water ϭ72 mN/m and our ␥ alkane ϭ28 mN/m.
We conclude therefore that at temperatures above the formation of the monolayer, the surface roughness behaves as that of simple liquids and is dominated by capillary wave contributions.
B. The crystalline surface phase
For n alkanes of 16рnр50, there exist a temperature range ⌬T immediately above the bulk freezing temperature T f , within which the surface crystalline layer is thermodynamically stable. This layer is formed via a first-order phase transition at T s ϭT f ϩ⌬T. This transition can be conveniently monitored by measuring the reflected intensity at a particular q z , say q z ϭ0.2 Å Ϫ1 , as a function of the temperature, as shown in Fig. 5͑a͒ . The first order transition to the crystalline monolayer is clearly visible as the intensity jumps abruptly from that of the liquid surface to that of the crystalline surface phase. For T f рTрT s the intensity remains constant, indicating that no further changes occur in the surface crystalline layer, either in thickness or in density. The reflected intensity drops to virtually zero at the bulk freezing point where the surface becomes macroscopically rough.
The results of the x-ray and surface tension measurements on the crystalline surface phase for all chain lengths studied are summarized in Table I . In the following we discuss the various features of the surface monolayer emerging from these measurements.
Crystalline monolayer thickness
The formation of the surface crystalline layer is clearly seen by the appearance of the pronounced modulations in the x-ray reflectivities shown in Fig. 4 . The solid lines are fits based on a two-slab model discussed below, and the inset displays the resultant density profiles for the three alkanes.
The simplest model for the density profile of this layer is a single slab of thickness D and a density l , where l is the electron density of the bulk liquid. The modulation period is ⌬qϭ2/D and the amplitude is determined by Ϫ l . Two interfacial widths 1 and 2 , representing the vapor and liquid interfaces, respectively, are also included in the model. The calculated reflectivity normalized to the Fresnel reflectivity, shown in a dash line in Fig. 6 for C 44 , provides a reasonably good agreement with the data. The corresponding density profile obtained from the fit is shown as the dashed line in the inset of Fig. 6 . The surface layer density, 0.321 e/Å 3 , is found to be 20% higher than that of the bulk liquid alkane and is similar to the density of the (CH 2 ) nϪ2 segment in the rotator phases ͓1͔. The fitted D value obtained is about 2 Å shorter than the corresponding fully extended molecular length, calculated using the literature value of 1.27 Å per bond ͓1͔. This reduction in D is consistent with the molecular tilt of ϳ14°observed for this molecule in the surface layer.
Even though it captures the essence of the modulations in the reflectivity, this one-slab model deviates from the experimental curve noticeably over large sections of the measured q z range. This deviation becomes more obvious for data of large carbon numbers, as there are more modulations in a given q z range. We propose, therefore, a more realistic model, which takes into account the reduced density of the CH 3 group by adding a lower density slab at the crystalline layer-liquid interface. A similar layer at the vapor interface is absorbed into the surface roughness parameter 1 . This depletion zone is characterized by its density ␦, the zone width ␦D and the interfacial width for its two interfaces.
Since the range of the data, and the consequent real space resolution, are insufficient to determine ␦ and ␦D independently, we typically fix ␦D at a value of 2.27 Å ͑the nominal size of a CH 3 group͒ and vary only ␦ and . Thus, this model has five independent variables: the thickness D and the density for the CH 3 (CH 2 ) nϪ2 layer, the density ␦ and the interfacial width of the depletion zone and the vaporlayer interface width 1 . The density of the liquid bulk is fixed at the literature value of 0.269 eÅ Ϫ3 , which is consistent with the critical angle value observed in the reflectivity data. With this two-slab model, reflectivities of all carbon number alkanes are well fitted over the entire q z range, as shown for C 44 by the solid line in Fig. 6 .
The fitted density of the CH 3 (CH 2 ) nϪ2 slab is practically identical for all carbon numbers: 0.317Ϯ0.05 eÅ Ϫ3 . This is about 18% higher than the liquid bulk value. This value is also consistent with data measured by grazing incidence x-ray diffraction ͑GID͒, although a slight increase in density is found for nу44, where a new surface phase is observed ͑see below͒. Using the area per molecule of AϷ20 Å 2 ͑derived below from our GID measurements͒ and the 1.27 Å projected length of the eight electron CH 2 segment we obtain CH 2 ϭ8/(20ϫ1.27)ϭ0.315 mN/m, in good agreement with the fitted value. The density ␦ obtained from the fit for the depletion zone, with ␦D fixed at 2.27 Å, is 0.147Ϯ0.03 eÅ Ϫ3 . As explained above, neither ␦ nor ␦D can be determined independently in the fit. Rather, the difference of the areal density (␦Ϫ avg )␦D is a welldefined quantity, where avg ϭ(0.317ϩ0.269)/2 ϭ0.293eÅ
Ϫ3 is the average density, at the position of the depletion zone, in the absence of depletion, i.e., the mean of the densities of the bulk liquid and the (CH 2 ) nϪ2 segment. This well-defined quantity can be used to estimate the actual length t of the CH 3 head group. By equating the areal density obtained from the fit, (0.147Ϫ0.293)eÅ Ϫ3 ϫ2.27 Å with the calculated one, "9/(tA)Ϫ0.293e Å
Ϫ3
…ϫt we obtain tϭ2.7Ϯ0.2 Å, which is close to the ϳ3 Å head group length in the bulk crystal ͓43,44͔. In the last expression, the first term in brackets is the areal density due to the nine electrons of the CH 3 group in a molecular area AϷ20Å 2 , and the second term is, again, the average areal density in the absence of depletion.
The layer thickness D variation with the carbon number n is shown in Fig. 7͑a͒ . It increases linearly with n, but has two slightly different slopes in two ranges. For nр30, it increases as D re f lect ϭ(1.27nϪ1.23) Å, very close to the calculated fully extended chain length D calc ϭ1.27(nϪ1) Å, where 1.27 Å is the projection of a C-C bond length on the chain axis. This agreement indicates that the chains are fully extended and oriented normal to the liquid surface. For nϾ30, the thickness varies as D re f lect ϭ(0.977nϩ7.09) Å. The smaller slope indicates that either the chains are not fully extended, or that they are tilted away from the normal. From the reflectivity data alone, these two possibilities can not be resolved. However, if we do assume fully extended molecular chains tilted by an angle away from the surface normal, can be calculated from cosϭD reflect /D calc . The tilt angles so calculated for all chain lengths are shown in Fig. 7͑b͒ . As can be seen, Ϸ0 for nϽ30, thereafter increasing monotonically, but nonlinearly, to ϳ23°for C 44 . As FIG. 5 . The temperature dependence of ͑a͒ the reflectivity at a fixed q z and ͑b͒ the surface tension for C 20 . The first order transition, in which the crystalline monolayer is formed at the surface at TϭT s , is clearly visible as a sharp intensity jump in ͑a͒ and abrupt slope change in ͑b͒. T f marks the bulk freezing point. discussed below, the Bragg-rod measurements for nϭ20, 36, and 44 are consistent with this calculation, thus supporting the scenario of a rigid molecular tilt over that of a molecular conformational change.
In-plane order
The in-plane order in the monolayer was determined by GID measurements. In the high temperature liquid surface phase, the scattering intensity drops monotonically for increasing q r . The structure factor for the liquid surface was too weak to be detected ͓45͔. The scattering from bulk liquid displays a broad peak at q r ϭ1.35 Å Ϫ1 , having a width ͑FWHM͒ of ⌬q r Ϸ0.35 Å Ϫ1 for C 20 , which yields a correlation range of a few molecules ͓46͔. The formation of the crystalline surface monolayer at T s , is marked by the appearance of a sharp peak at q r Ϸ1.52 Å Ϫ1 , as shown in Figs. 8͑a͒-8͑c͒ for C 20 ,C 36 , and C 44 . This Bragg peak clearly originates from long range positional order in the densely packed surface layer ͓47͔. Within our resolution of ⌬q r ϭ0.015 Å Ϫ1 , neither the peak position nor the peak width change with temperature over the ϳ3°C range down to T f . The thermal expansion coefficient calculated from the uncertainty in the peak position is, therefore, less than 3ϫ10 Ϫ3°CϪ1 , and the correlation length is temperature independent. The thermal expansion coefficient for the bulk TABLE I. Experimental results of the x-ray and surface tension measurements for all chain lengths studied. n is the carbon number, D is the layer thickness measured by x-ray reflectivity, q r is the position of in-plane grazing incidence diffraction peak, and q z is the peaks of the corresponding Bragg rods. The bulk freezing point, T f , and the temperature range of existence ⌬T of the surface crystalline phase were derived from the x-ray and surface tension measurements independently. ␦ is the distortion parameter, discussed in the text, A is the area per molecule. The entropy change upon formation of the surface layer, ⌬S s is equal to, and was calculated from, the slope difference of the surface tension below and above the layer formation temperature T s . The corresponding bulk value, ⌬S b , was obtained from the published values for bulk rotator phases ͓1,57͔. 44 . The circles are the experimental data, the solid and dashed lines are the best fits of two different density models shown in the inset. The one in the solid line is a two-slab model taking account of the density depletion at the chain ends due to the less dense CH 3 groups. The dashed line results from a single slab representation of the monolayer. The more realistic two-slab model clearly agrees better with the measurements.
hexagonal rotator phase ͓16͔ is 1ϫ10 Ϫ3°CϪ1 , consistent with our results. For all chain lengths measured, the peak width is resolution limited at 0.015 Å Ϫ1 ͑Fig. 8͒, implying quasi-long-range order with a correlation length of at least 1000 Å. The mosaic distribution in the monolayer can be observed directly by measuring the intensity at the q r peak position as a function of the sample azimuthal rotation s as shown in Fig. 3 . If the 2D ''powder'' comprising the monolayer is fine, with many small crystallites, an intensity independent of the sample rotation would be obtained, while for a coarse ''powder'' made of a few large crystals, discrete peaks would be observed upon sample rotation. Indeed, the measured intensity displays discrete peaks in groups ϳ60°a part in s , as shown in Fig. 9 , indicating ͑very few, if not a single͒ large crystal domains with six fold crystalline symmetry. Since the illuminated sample surface area is many mm 2 , and the coverage is almost complete, the monolayer crystals must also have a similar area. Bearing in mind that the thickness of the crystals is only a few tens of Å, the aspect ratio of these crystals is amazingly large. In twodimensions, thermal fluctuations are known to destroy true long-range positional order yielding quasi-long-range order. An experimental distinction between true-and quasi-longrange order would require very demanding high resolution line shape measurements, not currently available.
Note that our mm size crystallites are significantly larger than those of Langmuir films, where they are typically 100-1000 Å across. This can be understood by considering the coalescence energetics of small crystals into larger ones. In Langmuir films, the molecules are confined to the water surface, thus eliminating the possibility of removing domain walls through exchange of molecules with the bulk. This places an energy barrier on the coalescence of small crystallites into larger ones in Langmuir films. In alkanes, by contrast, the molecules on the surface are in full equilibrium with those in the bulk and free molecular exchange is allowed. Apparently, this lowers considerably the energy barriers on the elimination of domain boundaries and on the coalescence of small crystallites into large ones.
Returning now to Figs. 8͑a͒-8͑c͒ and 10͑a͒, we note that for all samples with nϽ30 the in-plane peak is nearly fixed at q r0 ϭ1.52Å Ϫ1 , i.e., the lattice plane spacing is 4.13 Å and the chain-chain spacing is (2/ͱ3)4.13ϭ4.77 Å. Assuming hexagonal packing for our monolayer, the area per chain is 2ϫ4.13 2 tan30°ϭ19.7Å 2 . This value is consistent with that FIG. 7 . ͑a͒ The thickness D of the surface crystalline layer, derived from the reflectivity measurements, as a function of the carbon number n. The two lines of two different slopes describe the data well for nϽ30 and nϾ30, respectively. ͑b͒ The molecular tilt angles from the vertical , deduced from D of ͑a͒ and the calculated, fully extended molecular lengths ͑circles͒. Independent Bragg rod measurements ͑open squares͒ agree well with these values.
FIG. 8. ͑a͒-͑c͒
The in-plane GID peaks of the surface crystalline layer of C 20 ,C 36 , and C 44 , measured at q z ϭ0 Å Ϫ1 ͑a,b͒ and 0.35 Å Ϫ1 ͑c͒. ͑d͒-͑f͒ The corresponding q z scans at the in-plane peak positions. The q z scans indicate that the C 20 molecules are normal to the surface ͑d͒, the C 36 ones tilted towards their nearest neighbors ͑e͒, and the C 44 ones tilted towards their next-nearest neighbors ͑f͒, as shown in the insets.
FIG. 9. The intensity variation of the q z ϭ0Å
Ϫ1 GID Bragg peak of the crystalline surface monolayer of C 40 upon a sample rotation s ͑see geometry in Fig. 3͒ . The sharp peaks 60°apart indicate a single very large crystallite ͑of lateral ϳmm dimensions͒ with hexagonal symmetry.
of the bulk rotator R II phase ͓4,5͔, where the molecules are, on average, oriented normal to the layer and packed hexagonally. For nϾ30, the peak position q r decreases, indicating that the in-plane spacing increases, with the carbon number n. Assuming rigid molecules, this is indicative of a molecular tilt. The tilt direction for 30ϽnϽ44, according to the C 36 Bragg-rod measurements discussed below, is towards nearest neighbors. If we assume that the molecules tilt as rigid cylinders and stay in contact, this tilt direction should distort the in-plane hexagonal packing in a characteristic way, and, as discussed in Sec. II F, should split the sixfolddegenerate in-plane peak into two: a twofold-degenerate one at q r1 ϭq r0 and a fourfold-degenerate one at q r2 ϭq r0 cos, where is the tilt angle. Using now the tilt angles derived from the reflectivity data and given in Fig. 7 the values of q r1 and q r2 , and the corresponding in-plane spacings d 1 and d 2 can be calculated. The spacings are plotted as dashed lines in Fig. 10͑a͒ . As can be seen from the error bars, the difference between the calculated d 1 and d 2 and, hence, also between the calculated q r1 and q r2 , is well beyond the experimental resolution. Nevertheless, only a single q z ϭ0 diffraction peak could be observed experimentally for all chain lengths taking, interestingly, the average of the two estimated values, shown by the solid line in Fig. 10 ͑a͒. Thus, the assumption that the molecules stay in contact, with circular cross sections, when tilted is untenable, since this should have yielded two peaks, one at (q r1 ϭq r0 ,q z ϭ0) and the other at (q r2 Ͻq r1 ,q z Ͼ0). The observations of a single q r peak position and a molecular tilt towards nearest neighbors, can still be reconciled if upon tilting the in-plane lattice stays hexagonal, but the lattice spacing expands commensurately with the tilt. In this case we should observe two peaks: one at (q r1 Ͻq r0 ,q z ϭ0) and another at (q r2 Ϸq r1 ,q z Ͼ0), i.e., both peaks have the same in-plane position but different plane-normal positions. This is indeed the GID pattern observed for C 36 , as discussed below. Note, however, that the C 36 data does not dictate a strict in-plane hexagonal symmetry. In fact, any coupling between the tilt and the lattice would result in breaking this in-plane symmetry. Rather, an approximate one, with two in-plane peaks at a separation smaller than the experimental resolution is still supportable by the data. We favor this ''expanding hexagon'' model for all chain lengths on the strength of the C 36 and C 44 q z -resolved GID data and the single (q z -unresolved͒ in-plane peaks observed for all other chain lengths. However, since no q z -resolved measurements are available for other lengths, significant distortions from a near-hexagonal in-plane packing can not be ruled out for tilted chains other than nϭ36 and 44.
Molecular tilt
Both the direction and the magnitude of the molecular tilt can be determined from the q z dependence of the intensity at the position of the peak in q r , the so called Bragg rods, shown in Figs. 8͑d͒-8͑f͒. Unlike the reflectivity, which provides a layer thickness averaged over both the crystalline and noncrystalline parts ͑if any͒ of the monolayer, from which the tilt magnitude can be extracted, assuming rigid, extended molecules, the Bragg rods result only from the crystalline parts of the monolayer. The Bragg-rods' width can be used to test the assumption of a rigid molecular tilt but most importantly, they allow an accurate determination of the tilt direction, in addition to its magnitude. To unambiguously determine this structure, the (q r ,q z ) peak positions must be found for all the low-order peaks. The measured positions are shown in Table I . The in-plane spacings dϭ2/q r , corresponding to the Bragg peaks occurring at q z ϭ0 Å Ϫ1 are plotted in Fig. 10͑a͒ . As discussed above, for hexagonally packed nontilted molecules, the six diffraction peaks are completely degenerate, and thus only one peak is observed in the 2D powder averaged q z Ϫq r plane. The line shape is a product of a sharp surface enhancement spike at q z ϭq c and a broad form factor distribution peaking at q z ϭ0Å
Ϫ1 . The Bragg rods of the surface crystalline layer for nр30 display all these features, as shown in Figs. 8͑a͒,8͑d͒ . We conclude, FIG. 10 . ͑a͒ The measured in-plane lattice spacings d ͑closed circles͒, derived from the q r positions of the q z ϭ0 Å Ϫ1 peaks, except for C 44 , where it is derived from the q z ϭ0.35 Å Ϫ1 peak, since there is no q z ϭ0 one. For nϾ30 the tilt towards nearest neighbors ͑without distorting the hexagonal packing in the axisnormal plane͒ should result in the distortion of the in-plane hexagonal packing, yielding two distinct spacings. The dashed lines are these hypothetical spacings based on the tilt angle calculated from the reflectivity measurements, Fig. 7 , assuming ␦ϭ0. The single spacing observed for each n in the actual measurements takes the average of the two values. ͑b͒ The area per molecule in the plane perpendicular to the molecule's axis. ͑c͒ The electron densities, as deduced from the GID measurements ͑closed circles͒ and the reflectivity measurements ͑open circles͒. ͑d͒ The surface roughness parameter 1 obtained from the fits to the measured reflectivities. Note the gradual increase with n for nϽ44 and the abrupt decrease for the new solid phase at nϭ44. Similar abrupt changes are observed in A and e at the same position in ͑b͒ and ͑c͒, respectively.
therefore, that the molecules in the monolayer are normal to the surface, consistent with the reflectivity measurements. Quantitatively the Bragg rods can be described by Eqs. ͑1͒ and ͑2͒ and ͑9͒-͑11͒, noting that Q z ϭq z and Q r ϭq r . Specifically, as shown in Fig. 8 ͑d͒, C 20 can be well fitted yielding a molecular length of dϭ(22Ϯ1.0) Å, close to, but ϳ2 Å shorter than the reflectivity result.
For 30ϽnϽ44, the 2D powder average yields two doubly degenerate peaks, at q z ϭ0 and a finite positive q z , indicating that the molecules are tilted towards their nearest neighbors. The doubly degenerate peak at negative q z is not accessible in this experimental geometry. The scans for C 36 are shown in Fig. 8͑e͒ . Within our experimental resolution, these two peaks in q z for C 36 have the same in-plane position q r , indicating an hexagonal projection on the surface, but a distorted projection when viewed along the chain axis. Substituting the proper relations for a nearest-neighbor tilt into Eqs. ͑9͒-͑11͒, both peaks can be fitted quantitatively, as shown in a solid line in Fig. 8͑e͒ , for C 36 . This fit yields dϭ46 Å, which coincides with the calculated 46 Å length of the fully extended molecule, and a tilt of ϭ17.6°, consistent, again, with the reflectivity data shown in Fig. 7͑b͒ .
For nу44, the powder average yields two peaks. A doubly degenerate one at some q z ϭq z1 Ͼ0 and a singly degenerate one at q z2 ϭ2q z1 , indicating that the molecules are now tilted towards the next-nearest neighbors. For C 44 , the inplane positions q r of these two peaks are the same, q r ϭ1.48 Å Ϫ1 , indicating, again, an undistorted hexagonal projection on the surface and a distorted projection normal to the chain axis. The tilt angle can be determined from the coordinates of the peaks (q r1 ,q z1 ) and (q r2 ,q z2 ), as tanϭq z1 /(q r1 cos60°)ϭq z2 /q r2 . Substituting into Eqs. ͑9͒-͑11͒ the proper relations for the next-nearest neighbor tilt, both peaks can be fitted quantitatively, yielding dϭ50 Å for C 44 , which is consistent with the reflectivity results of Fig. 7͑a͒ though somewhat shorter than the 54.6 Å length calculated assuming a fully extended molecule, and ϭ26°, which is, again, consistent with the reflectivity data shown in Fig. 7͑b͒ .
The transition from untilted to tilted molecules with increasing chain length can perhaps be understood by considering the increased molecular diameter at the chain ends ͓15͔. Spectroscopic measurements ͓48,49͔ clearly show that there are substantial numbers of gauche-bond defects predominantly near the chain ends in the rotator phases. The number of these defects increase with increasing temperature and thus they play a larger role in longer chain alkanes, the melting temperatures of which are higher than those of shorter chains. When averaged over their individual configurations, these gauche defects will result in larger effective widths at the ends of the molecules as compared to that at their centers. This was also confirmed by scanning tunneling microscopy ͑STM͒ measurements ͓50͔ of alkanes adsorbed on graphite. Consider, therefore, a monolayer consisting of closely packed dumbbell-shaped molecules. The intermolecular distance is determined by the larger widths of the ends, w end , thus leaving the distance between the (CH 2 ) nϪ2 segments larger than their diameter. Simple geometry shows that a tilt from the vertical by an angle decreases the distance between adjacent (CH 2 ) nϪ2 segments as w end cos, but at the same time reduces the lengthwise overlap between adjacent segment by 2w end sin. For short chains the usual energy-entropy balance in the monolayer favors a vertical orientation for the molecules. However, as n increases, the attraction between adjacent (CH 2 ) nϪ2 segments also increases. Above some limit, it will become sufficient to offset the balance and the molecules will seek a reduction of the distance between adjacent (CH 2 ) nϪ2 segments by tilting. A tilt, however, reduces the overlap, and thus the attraction as well. A new balance of the free energy will, therefore, be obtained for some finite tilt angle .
A tilt direction transition, where no other parameter varies ͑i.e., tilt magnitude, distortion, and area͒ is energetically very subtle ͓51͔, so that different tilt directions in the bulk and at the surface, while not understood in detail, are not too surprising. In fact, the bulk phase diagram shows also another rotator phase ͑the R III ) where the tilt is intermediate between nearest neighbors and next-nearest neighbors. Thus, the tilt direction transition may occur, in the scenario above, as a result of the ͑somewhat more subtle͒ influence of the free volume obtained for the longer chains.
According to the reasoning above, the tilt direction and angle must be a balance of entropy, which is a function of k b T, and energy, which varies with chain length and tilt directions. Thus, the balance should be, in principle, temperature dependent and so should be the tilt direction and angle. The temperature range of existence of the surface phase in alkanes is, however, too small to allow the necessary temperature variation, and the bulk freezing point is reached before a tilt transition, or a direction transition, can be affected. In alkane mixtures, however, the bulk freezing point can be tuned by varying the bulk composition. The bulk freezing temperatures of C 26 /C 36 mixtures were found, indeed, to be greatly depressed relative to that of pure C 36 melt. The surface crystalline monolayer of pure C 36 that was observed to form on the liquid bulk of the mixtures could indeed be tuned, for a particular ͑rather narrow͒ composition range, to go through a first order transition from a rotator phase with a nearest neighbor tilt direction to a crystal phase with a next-nearest neighbor tilt direction by lowering the temperature ͓9͔.
C. Surface phase behavior
Using the in-plane (q r ,q z ) peak positions we can compute ͓17͔ the area per molecule (A) viewed normal to the chain axis and the distortion (␦) both of which are listed in Table I . It is easy to show that ␦ϭ͉1Ϫ ͱ͓(2q a /q b ) 2 Ϫ1͔/3͉ and Aϭ8
2 ), where qϭͱq r 2 ϩq z 2 and the subscript a refers to the peak with the lower ͑higher͒ q z for the next-nearest-neighbor ͑nearest-neighbor͒ tilt direction for C 44 (C 36 ) and b to the other peak. In the A values plotted in Fig. 10͑b͒ , we see that for nϽ44 we have AϷ19.65 Å 2 , including the tilted C 36 phase. This is consistent with the values of the bulk rotator phases. For C 44 , however, A appears to have taken a discontinuous jump to a lower value of 18.71 Å 2 . This value, which is consistent with a transition from a rotator to a nonrotator crystal phase in the bulk, provides a clue to the nature of the transition in the surface phase at nϷ44. In the untilted hexagonal phase ␦ϭ0. In the tilted phase of C 36 we find ␦ϭ0.045, which is consistent with the low values observed for ␦ in the R IV bulk rotator phase where the distortion is induced by the tilt ͓17͔. The high temperature bulk rotator phase of C 33 , for example, has ͓17͔ Aϭ19.7 Å 2 ,␦ϭ0.045 and ϭ19°. An important distinction between the surface and bulk rotator phases is the direction of the tilt. While the area and distortion magnitude are the same, in the bulk rotator phases the tilt is either towards next-nearest neighbors or at intermediate positions, while the surface rotator phase has a tilt towards nearest neighbors.
For the tilted phase of C 44 we compute Aϭ18.71 Å 2 and ␦ϭ0.106, which we compare with the nonrotator crystal phases of the corresponding long chain alkanes ͓52͔ where C 40 and C 44 have Aϭ19.23 and 19.17 Å 2 , ␦ϭ0.101 and 0.106 and ϭ20.6°and 22.7°, respectively. It is thus clear that the transition between the two tilted surface phases at nϷ44 is a rotator to crystal phase transition. Furthermore, the in-plane peak positions provide yet another way of computing the electron density of the surface crystalline layer, which can be compared with the values determined from the reflectivity data fits. With eight electrons per CH 2 group and a length, along the chain, of 1.27 Å, the electron density is just 8/͑1.27A) eÅ Ϫ3 , where A is the area per molecule as viewed along the molecular axis, and shown in Table I . The resultant densities are plotted in Fig. 10͑c͒ . As can be seen, for nϽ44 the GID data yields 0.320 e/Å 3 which is, within experimental error, equal to 0.317 e/Å 3 determined from the reflectivity fits. For C 44 , however, a higher electron density of 0.333 e/Å 3 is obtained, consistent with the higher density of the crystal phase.
Another strong indication for a new phase for nϾ44 can be obtained from the n dependence of the surface roughness parameter 1 . These values, as derived from the reflectivity fits for the lengths measured, are plotted in Fig. 10͑d͒ . While the accessible q z range limits the accuracy of the fitted 1 values, a clear increasing trend with chain length is observed for nϽ44. However, for nϾ44, where the new phase comes in, a dramatic decrease in 1 is observed. The decrease in the observed 1 is very similar to that observed in Langmuir films upon compression of the monolayer from the 2D liquid to the 2D solid phase ͓53͔. In that case it was shown that in the solid phase an extra damping of the capillary waves results from the nonzero bending rigidity constant K, as compared to the liquid phase where Kϭ0 and the damping is due only to the surface tension ␥. While a similar change of K upon the transition from a surface rotator to a surface crystal at nϭ44 cannot be ruled out, the abrupt decrease in 1 is more likely due to the disappearance of the translational disorder along the chain axis which is one of the well-known characteristics of the bulk rotator phases, but is frozen out in the crystalline phase ͓43͔.
The increase of 1 with n, observed in Fig. 10͑d͒ for nϽ44, is expected from capillary wave theory ͓35,54͔. Since the surface tension at T s is chain length independent ͑see Fig.  13͒ the variation in 1 with n is expected to result only from the corresponding n dependence of T s , in the vicinity of which the 1 values for the various n were measured. However, the cw ϳͱT thus predicted from Eq. ͑7͒ is too weak to account for the effect observed. Additional contributions, like the n dependence of 0 and/or q max , will have to be considered to account for the observed trend. Alternatively, models which exhibit a stronger T dependence, such as the cw ϳT predicted by Tkachenko and Rabin ͓55͔, will have to be invoked. The large scatter in the available 1 values precludes, however, a detailed disentanglement of the different contributions at this stage.
We conclude, therefore, that the ordered surface monolayer has three distinct structures: Two rotator phases, one for nр30 having surface-normal molecules and the other for 30ϽnϽ44 with molecules tilted towards their nearest neighbors and one crystalline phase for nу44 with molecules tilted towards their next-nearest neighbors.
This trend very much follows the trend observed for the bulk. In the surface phase, the tilt sets in at a slightly higher n ͑C 30 versus C 26 ) and the tilt direction is toward nearest neighbors while in the bulk, at the corresponding R IV phase, it is towards next-nearest neighbors. The magnitudes of the tilt (), distortion(␦) and area per molecule (A) ͑both measured in a plane perpendicular to the chain axis͒, are comparable in the surface and bulk phases. The rotator to crystalline transition at the surface fits also well into this trend, since in the bulk the rotator phases were found ͓56͔ to disappear for nϾ44 where the bulk transition is directly from the liquid to the crystal.
D. Surface thermodynamics
The surface tension measurements of a complete coolingheating cycle for C 20 are shown in Fig. 5͑b͒ . The clear cusp marks T s , the onset of surface freezing. At this temperature the slope of ␥ changes abruptly from a small negative value for TϾT s , typical of simple liquids, to a large positive value for TϽT s . This change is a clear indication of the formation of an ordered surface layer on top of the bulk liquid, as discussed above. The abruptness of the change indicates a first-order transition, with virtually no hysteresis and no pretransitional effects. The absence of any further slope changes implies that no additional structural transitions occur prior to bulk freezing ͓6͔, consistent with the x-ray results in Fig.  5͑a͒ . FIG. 11 . The entropy change ⌬S upon surface monolayer formation derived from the slopes of the surface tension measurements ͑closed circles͒. Note the break at nϳ30, where the tilted phase first occurs. The large increase at nϭ44 is associated with the rotatorto-crystalline surface phase transition. The open squares are the corresponding bulk values.
The slope for TϾT s is relatively small and independent of n. For all alkanes measured, we obtain (d␥/dT) TϾT s ϭ(Ϫ0.09Ϯ0.01)mN m Ϫ1°KϪ1 , consistent with literature values ͓1,57͔. Taking an average area per molecule of 20 Å 2 , this yields a surface-bulk entropy difference of (S s ϪS b )Ϸ1.8ϫ10 Ϫ23 J/°Kϭk b ln3.7 per molecule, indicating about a fourfold increase in the number of available states for each surface molecule over one in the bulk. For TϽT s , the slope becomes positive, and its magnitude is larger and increases considerably with n, as shown by the solid circles in Fig. 11 . The figure shows the slope difference above and below T s , which equals the corresponding difference in the entropy:
One can compare the entropy change upon surface freezing with the entropy change upon bulk freezing from liquid to the rotator phases, properly normalized to a single monolayer. As shown by the open squares in Fig. 11 , they are very close indeed. This good agreement leads, therefore, to two conclusions, both consistent with the x-ray measurements: ͑a͒ the surface phase is only one molecular layer thick and ͑b͒ the ordered monolayer for nϽ44 has a structure very similar to that of the bulk rotator phase. The systematic deviation of ⌬S from the bulk rotator liquid values at low n, as seen in Fig. 11 , can be explained by the fact that for nϽ22, the surface rotator phase is hexagonal, while the bulk melts directly from the distorted and more ordered R I phase. The bulk R II to R I transition is first order and the entropy of that transition extrapolated to shorter chain lengths could account for that deviation ͓15͔. It has been shown that the interlayer coupling is important in establishing the distortion of the R I phase ͓2,16͔ and thus, it is not surprising that the surface phase is R II even where the bulk melts directly from the R I phase.
As shown in Fig. 11 , ⌬S has an approximately linear dependence on n for nϽ44. This can be rationalized by considering the most dominant contribution to the entropy: the chain conformation degrees of freedom. Successive C-C bonds in a chain can have two gauche and one trans conformations, with the latter having the lowest energy ͓58͑a͔͒. Approximating the chains in the liquid state to be completely flexible and free from any steric hindrance so that each bond conformation is of equal probability the entropy per chain is S TϾT s ,calc ϭk B ln( 3 nϪ3 ) where k B is the Boltzmann constant. Upon ordering, the conformational degrees of freedom of chains on the surface are greatly reduced, and all bonds are assumed to be trans, and have approximately zero entropy, S TϽT s ,calc Ј Ϸ0. Thus, we obtain ⌬S calc ϭ⌬(d␥/dT) calc ϭk B ͓(nϪ3)ln3͔ ϭ1.52 ϫ10 Ϫ23 ϫnϪ4.55 ϫ10 Ϫ23 J/K. This approximation, shown as a dashed line in Fig. 11 , provides an upper limit on the possible conformational entropy loss upon surface freezing. As expected, it systematically overestimates the experimental values, but accounts reasonably well for the linear n dependence of the slope. The overestimation comes mainly from the gross approximation of zero entropy for the surface crystalline phase and an equal probability for the trans and gauche bonds in the liquid phase. Finally, the entropy for the crystalline phase is generally nonzero, and varies with the crystalline structures. The calculation and understanding of the melting entropy of the bulk alkanes has progressed well beyond the simple approximation given above ͓58͑b͔͒.
Examining more closely the n dependence of ⌬S, plotted as a solid line in Fig. 11 , one can observe a change of slope at nϷ30, to a lower slope for nϾ30 than that for nϽ30. The change of slope marks the nontilt-tilt transition of the molecules in the crystalline layer, discussed above. Part of this slope change is attributable to the change in the area per molecule. Furthermore, ⌬S for nу44 takes values much larger than those for nϽ44, indicating another structural transition in the surface crystalline layer. A similarly large jump of ⌬S has been observed for the C 36 crystalline surface monolayer in C 26 /C 36 mixtures, where it was shown to be due to a transition where the direction of the tilt changes from nearest neighbors to next-nearest neighbors. X-ray measurements confirm that the C 44 molecules in the surface crystals indeed tilt towards next-nearest neighbors, as shown by the Bragg rod in Fig. 8͑f͒ .
The large jump in ⌬S at nϷ44 results from a sharp decrease in the surface entropy. Since the only degrees of freedom remaining in the frozen surface layers are the rotational ones, it is likely that the jump marks the freezing out of the rotations and the formation of a true crystalline surface phase for nу44. This supports the conclusion of a rotator-tocrystalline phase transition in the surface layer, drawn from the x-ray measurements discussed above. The open squares in Fig. 11 , for nу44 only, are the bulk entropies ͓59͔ for the crystal-liquid transition without the intervening rotator phase. These are closer to the surface phase data points than those of the rotator phases. However, the fact that they are higher suggests that the surface crystal phases have a larger entropy ͑disorder͒ than the corresponding bulk phases, which is reasonable in view of the reduced molecular confinement at the surface.
Finally, note that the transition ͑with n) between the two tilted phases near nϷ44 should be viewed as mostly a rotator-crystal transition, with the tilt direction change being a rather minor subtlety. This is distinct from the L ␤ I to L ␤ L to L ␤ F transitions ͓38͔ in phospholipids, for example, where the only parameter changing is the tilt direction. This is clearly demonstrated by the large magnitude of the entropy change observed for C 44 . For a first-order tilt direction transition this change is negligible ͓51͔, while for a bulk rotatorcrystal transition it is very large ͓1͔.
E. Temperature range of existence
The temperature ranges of existence ⌬TϭT s ϪT f of the crystalline surface phase, as obtained from both surface tension and x-ray reflection measurements ͑for an example see Fig. 5͒ , agree excellently with each other for all chain lengths. ⌬T has a nonmonotonic n dependence, plotted in Fig. 12 , showing the surface crystalline phase to appear only for 16рnр50 and to have a maximum range of ⌬TϷ3°C for nϷ20.
This phase diagram, ⌬T vs n, can be accounted for by free energy considerations, as follows. Noting that the free energy of the bulk liquid is equal to that of the bulk solid at T f , and the free energy of surface liquid equals that of the surface solid at T s , one may calculate the temperature range ⌬T as
where ␥ T f and ␥ T s are the surface tensions at the bulk freezing and surface freezing points, and S and SЈ are the entropies for the surface liquid and surface crystalline phases, respectively. At a given temperature, say Tϭ30°C, chainend free volume considerations ͓58͑a͔͒ yield for the surface tension an n-dependence form: AϪB/n 2/3
, ͑where A and B are constants͒ which is shown in Fig. 13 to fit the experiment well with Aϭ37.2 mN/m and Bϭ65.4 mN/m. For alkanes whose T s is above the given Tϭ30°C, the value extrapolated from the liquid surface phase is used in the figure. The surface tension values at the onset of the surface crystalline phase ␥ T s ͑the open circles in Fig. 13͒ are found to be approximately constant over the measured n range, ␥ T s Ϸc ϭ28 mN/m. Note that since d␥/dT is rather small in this temperature range, ␥(T s ) is practically the same as the values of the surface tension extrapolated to the bulk freezing point from the high temperature phase, which is n independent. Although we do not know the physical origin of this n independence, we do notice that many physical quantities besides the surface tension, such as the density and the viscosity are practically independent of the chain length at their respective bulk freezing points.
The n dependence of ␥ T f can be understood by noting that the excess free energy of a monolayer at the surface over one inside the bulk solid is due to the missing interactions with the nonexistent overlayers above the surface. Assuming that the dominant interaction is van der Waals ͑vdW͒ type, the excess free energy varies as 1/d 2 , where dϳn is the layer thickness ͓60͔. It is easy to show that for this case the expected n dependence of ␥ T f is ␥ T f ϭ␥ ϱ Ј ϩ␤/n 2 . This dependence is indeed found in our measurements, with ␥ ϱ Ј ϭ22.0 mN/m and ␤ϭ1200 mN/m. With this dependence, the shorter the chain, the larger the vdW free energy penalty that has to be paid for the formation of the monolayer at the surface over that in the bulk. This increasing penalty is expected, therefore, to impose a short length limit on the surface freezing effect, as indeed found at nϷ14, where the system presumably reverts to either the common surface melting behavior or to the melting of the bulk and surface at the same temperature. Unfortunately, technical difficulties in preparing well-defined surfaces preclude x-ray measurements in this region.
Besides the energies, the competing entropy effect has to be considered. As discussed above, for nϽ44 the entropy loss upon transition from the liquid to the rotator phase increases linearly with length: SϪSЈϳn. Considering the n dependence of both the energy and entropy, ⌬T can be calculated from Eq. ͑14͒ as
where a and b are positive constants. Equation ͑15͒ clearly shows that for a small enough n,⌬T is negative: the surface layer disorders below the bulk freezing temperature T f , i.e., the common surface melting occurs. As n increases past nϷ14, ⌬T becomes positive and surface freezing occurs with a nonzero temperature range. However, for very large n, the entropy shrinks the ordered surface phase to a small temperature range: ⌬T→0 for n→ϱ. Only for intermediate n does an ordered surface phase exist with a significant temperature range. Fitting the measured data for nϽ44 by Eq. ͑15͒ yields a satisfactory agreement, as shown by the solid line in Fig. 12 . The fast falloff in Fig. 12 for nу44 is clearly induced by the considerably greater surface entropy loss accompanying the rotator-to-crystal surface phase transition discussed above and shown in Fig. 11 . The longer chains and the correspondingly higher temperatures also result in a proliferation of gauche conformations in the chains. The increased deviation from a uniform shape and a constant cross section along the chain will further reduce the tendency to form an ordered crystalline layer. This also contributes to the fast decrease in ⌬T.
F. Interface energies and surface freezing
The experimental results discussed above can be used to obtain values for the solid-liquid and solid-vapor interfacial energies, which are inaccessible to direct measurements. A careful examination of the relative magnitudes of these values yields important insight into the conditions for the occurrence of surface freezing. The formation of the surface crystalline layer entails the formation of a solid-liquid and a solid-vapor interface, with energy costs of ␥ sl and ␥ s , respectively. The elimination of the liquid-vapor surface results in an energy gain of ␥ l (T)ϭ␥ 0 ϪTS l , where ␥ 0 ϭ␥ l (Tϭ0) is the energy contribution, and S l is the excess surface entropy ͓61͔. The energy balance dictates that the surface crystallizes if by doing so the energy is reduced, i.e., if ␥ s ϩ␥ sl Ͻ␥ l . Defining ␦␥ϭ␥ l (T f )Ϫ␥ s , the surface freezing condition can also be written as ␦␥Ͼ␥ sl . The range of existence of the surface phase is
where the temperature dependences of ␥ s and ␥ sl were neglected. Likewise, surface melting would occur when Ϫ␦␥Ͼ␥ sl , and no surface-specific transition would occur where Ϫ␥ sl Ͻ␦␥Ͻ␥ sl . Taking the measured surface tension values of ␥ l (T f ) from our work as well as the literature ͓62͔, we chose a constant ␥ l (T f )Ϸ28 mN/m over the n range of interest. While various n dependences have been predicted for this quantity, the uncertainty in the experimental data is greater than any n dependence in the n range under discussion. Using this ␥ l (T f ) value in Eq. ͑16͒ and values of ⌬S⌬T as measured in this work we calculated the sum of surface energies ␥ s ϩ␥ sl . These are plotted in Fig. 14 . Using the intersections of the ␥ s ϩ␥ sl vs n curve ͑represented by the dotdash guide-to-the-eye line͒ with ␥ l ͑represented by the roughly constant dashed line͒, we see that the surface freezing condition ␥ s ϩ␥ sl Ͻ␥ l is, indeed, fulfilled down to nϷ14 only, where the surface freezing effect is observed experimentally to vanish. On the high-n side the rotatorcrystal surface phase transition at nϭ44 results in an abrupt increase of ϳ3 mN/m in the measured ␥ s ϩ␥ sl ͑open circles͒, causing it to intersect ␥ l at nϷ52. This, again, invalidates the surface freezing condition, and causes the effect to vanish for nϾ50.
To separate ␥ s ϩ␥ sl into its components, additional independent data is required. Such data for the various alkane phases is, however, very scarce. Some of the best data available is due to Zisman and co-workers ͓63͔ whose contact angle measurements of liquid C 16 against a single crystal 00l face of C 36 gave ␥ s Ϫ␥ sl ϭ19.2 mN/m. Assuming this value to apply also for the physically unattainable C 16 (liquid)uC 16 ͑crystal͒ interface, and combining them with our data for ␥ s ϩ␥ sl ϭ26.93 mN/m, from Fig. 14 36 . In either case it is clear that the contribution to the surface energy from the solid-liquid interface is much less than that from the liquid-vapor interface.
We wish to point out that measuring the contact angle against an 00l surface of a single crystal rather then against a much more readily available polycrystalline solid is of crucial importance. In the former case the liquid is in contact with a layer of terminal CH 3 groups, mimicking accurately the geometry of the surface-crystal/bulk-liquid interface in our measurements. By contrast, the surface of a polycrystalline sample is a random mixture of CH 3 and CH 2 groups, and thus will yield a different contact angle against the liquid, resulting in different surface energies. This is very well demonstrated by homogeneous nucleation experiments in n-alkane melts, which yield an average surface energy () for the solid-liquid interface, without distinguishing between the ''sides''͑CH2͒ ␥ sl Ј and ''ends''͑CH3͒ ␥ sl of the crystallites ͓64,65͔, where
3 . Since we have deduced ␥ sl , we can use to calculate ␥ sl Ј . Using values for from Turnbull and Spaepen ͓64͔ of 10.4 and 11 mN/m for C 16 and C 36 , respectively, we compute ␥ sl Ј ϭ13.9 mN/m for C 16 and ␥ sl Ј ϭ21.1 mN/m for C 36 , which yields a ratio of ␥ sl /␥ sl Ј ϭ0.28 and 0.095 for these alkanes, respectively. That this ratio is much less than unity implies that the surface energy density of the CH 3 terminated surface is much less than that of the CH 2 terminated one, and supports the finding that the molecules do not lie flat at the interface. This finding is vastly different from the ␥ sl /␥ sl Ј Ϸ17 obtained by Cormia, Price, and Turnbull ͓65͔ for the polyethylene͑solid͒-C 18 ͑liquid͒ interface where the polyethylene surface is not dominated by terminal methyls, but rather by the highenergy bends in the polymeric CH 2 chain, resulting in ␥ sl ӷ␥ sl Ј .
A more detailed study of the chain length and temperature dependence of the individual interfacial energies of the various surfaces in the different phases is certainly desirable. However, we have been able to determine ␥ s ,␥ sl , and ␥ sl Ј individually, and demonstrate that our results, in conjunction with the appropriate contact angle data, allow an accurate determination of these directly inaccessible surface energies. 
IV. CONCLUSION
We presented here a study of surface freezing in normalalkane melts, which results in the formation of a crystalline monolayer on the surface of the bulk liquid, at a temperature T s , a few degrees above its freezing temperature T f . This is a rare phenomenon, since other materials ͑except liquid crystals͒ exhibit surface melting. The study employed temperature (T) and molecular length (n)-dependent x-ray reflectivity, grazing incidence diffraction, and surface tension measurements. The results of these measurements are summarized in Table I . The following results and conclusions emerge from the study: ͑1͒ For TϾT s the width of the liquid surface density profile is capillary wave dominated, with a width of ϳ4.4 Å, expected from capillary wave theory for the surface tension measured.
͑2͒ The ordered surface layer formed at T s is an hexagonally packed monolayer with vertically aligned molecules for nϽ30, tilted towards nearest neighbors for 30рnϽ44 and tilted towards next-nearest neighbors for nу44.
͑3͒ The surface monolayer is in a rotator phase for nϽ44 and in a nonrotator, crystalline phase for nу44.
͑4͒ The tilt angle is n dependent, and rises continuously from Ͻ5°for C 30 to ϳ23°for C 44 .
͑5͒ The packing in the surface plane remains nearly hexagonal for the measured molecular lengths, even though perpendicular to the molecular axis the packing is distorted from the hexagonal ͑i.e., ␦Ͼ0).
͑6͒ The molecular tilt is accompanied by an increase in the in-plane lattice constants.
͑7͒ The single monolayer formed at T s persists down to T f for all alkanes. No further layers are formed. As a wetting phenomenon, the monolayer formation is classified as a partial wetting.
͑8͒ The ordered monolayer phase appears only for molecular lengths of 16рnр50, within a temperature range of up to ϳ3°C above T f .
͑9͒ The disappearance of the surface phase for nр14 can be interpreted as a surface freezing to surface melting transition.
͑10͒ The decrease in ⌬T for nу44 and the eventual disappearance of the effect at nϾ50 are probably due to an increased packing frustration in the more ordered crystalline, rather than rotator, surface phase for nу44. A contribution to the frustration from the proliferation of intrachain gauch transformations at these longer, higher melting-temperature chains is very likely. ͑11͒ A simple model based on the free energy of the available conformational degrees of freedom, which corresponds to the entropy of the bulk melting transition, accounts quantitatively for the n dependence of the surface tension slope change at T s . ͑12͒ A related model, based on the variation of entropy and excess van der Waals free energy with chain length in the surface layer accounts very well for the n dependence of the temperature range of existence of the surface crystalline layer ⌬TϭT s ϪT f .
͑13͒ The tilting transition and the n dependence of the tilt probably result from the competing effects of a decreased chain distance and decreased chain overlap on the interchain attraction upon tilting.
͑14͒ The condition for surface freezing is ␥ s ϩ␥ sl Ͻ␥ l (T f ). For the alkanes exhibiting surface freezing our data indicates that this condition is indeed fulfilled.
͑15͒ ␥ s ϩ␥ sl is larger for the crystal phase than for the rotator phase by a few mN/m. This invalidates the surface freezing condition for nϷ50 and above, and causes the vanishing of the effect.
͑16͒ In conjunction with the appropriate contact angle data, our results yield values for the individual surface energies ␥ s and ␥ sl , which are otherwise inaccessible to experiment. ␥ sl is found to be much smaller than ␥ s , ␥ l , or ␥ sl Ј .
͑17͒
For a surface consisting of methyl end groups, as is the case in our measurements, ␥ sl is much smaller than for surfaces consisting of predominantly CH 2 groups, such as polymers and polycrystalline alkanes.
Several important issues are, however, still outstanding. The most important of these is a quantitative microscopic theoretical description of the monolayer formation and its behavior with T and n. In particular, it will have to explain why surface freezing is favored over melting in this particular case. We have observed the appearance of surface freezing in a number of other chain molecules like alcohols ͓67͔ and diols as well as mixtures of these molecules ͓9͔. These results strongly indicate that the chain-like structure plays an important role in the occurrence of surface freezing rather than melting. One attempt to account for this assumes that the lower density of the CH 3 end groups imparts them a slightly higher surface activity. The surface enrichment of the end groups will induce some vertical preferential alignment of the alkane chains even at temperatures higher than T s , and lead eventually to a more ordered phase at the surface. This picture is supported by simulations ͓68͔, lattice gas calculations ͓69͔, and nonlinear optics measurements on alkane melts ͓70͔. Tkachenko and Rabin ͓55͔ suggested recently that the crystalline surface layer may be stabilized by fluctuations along the molecular axis, which are suppressed in the bulk. The length of the chain molecules and their alignment allow large fluctuations, and hence a sufficiently large entropic contribution, without violating the Lindemann criterion for crystal melting. In smaller molecules this may not be possible. This explains both the role of the chain structure in the occurrence of the surface freezing effect and the lower limit on the chain length at which this phenomenon occurs. While this theory accounts successfully for the (n,T) phase diagram and several other features of the experimental results, its generality will have to be tested on othermolecules as well.
We hope that the study presented here, as well as in our forthcoming publications dealing with other chain molecules exhibiting similar effects like alcohols, alkane mixtures, etc., will stimulate additional theoretical work and lead to a better understanding of the rare surface freezing effect presented here.
